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Abstract In this study, we analyzed the effects of the forest canopy and trunks of a pine stand in the cen-
tral Spanish Pyrenees on the snow depth (SD) distribution. Using LiDAR technology with a terrestrial laser
scanner (TLS), high-resolution data on the SD distribution were acquired during the 2011–2012 and 2012–
2013 snow seasons, which were 2 years having very contrasting climatic and snow accumulation conditions.
Average SD evolution in open and canopy areas was characterized. Principal component analysis was
applied to identify days having similar spatial patterns of SD distribution. There was a clear contrast in the
temporal variability of the snowpack in different areas of the forest stand, corresponding generally to
beneath the canopy, and in open sites. The canopy and openings showed markedly different accumulation
and melting, with higher snow accumulation found in openings. Differences ranged from 14 to 80% reduc-
tion (average 49%) in the SD beneath the canopy relative to open sites. The difference in SD between open
and canopy areas increased throughout the snow season. The surveyed days were classiﬁed in terms of SD
distribution, and included days associated with: high SD, low SD, intense melting conditions and periods
when the SD distribution was driven by wind conditions. The SD increased with distance from the trunks to
a distance of 3.5–4.5 m, coinciding with the average size of the crown of individual trees.
1. Introduction
In mid and high latitude mountain areas, snow and forest comprise a resource of enormous economic and
environmental importance [Kr€auchi et al., 2000]. Snow interacts with the forest in complex ways because
the canopy affects the snow cover distribution, and the physical properties and melting of snow. Further-
more, forest growth, and its health and survival, rely on the protective effect of snow cover under the
extreme weather conditions that occur in mountain areas, and snow supplies on soil moisture during the
growing season [Mellander et al., 2005, 2007].
Research at many locations has investigated the effect of the forest canopy on the snow distribution and
the seasonal evolution of the snowpack [Hedstrom and Pomeroy, 1998; Lopez-Moreno and Latron, 2008a;
Lopez-Moreno and St€ahli, 2008; Lundquist et al., 2013; Musselman et al., 2008; Varhola et al., 2010]. This has
generally concluded that the forest canopy has a large effect on snow distribution and dynamics, but it can
vary greatly depending on the speciﬁc characteristics of the study site, the type of forest stand, and the
annual climatic conditions. The forest canopy reduces incoming solar radiation beneath the canopy but
enhances emission of long-wave radiation, and reduces the albedo because of the presence of plant litter
on the snow surface. Thus, differences in temperature among forest stands and differences in the exposure
of particular forests to solar radiation may lead to marked spatial and temporal differences in snow depth
(SD) and snow melting [Lopez-Moreno and St€ahli, 2008; Lundquist et al., 2013]. Moreover, depending on the
type of forest and the structure of particular stands, the capacity of the canopy to intercept snow and the
radiative ﬂuxes beneath the canopy may show large spatial variability, even over very short distances
[Veatch et al., 2009]. The interception of snow by a particular forest stand may also vary among snowfall
events, depending on the preceding interception of snow by the tree branches, which tends to diminish
when the amount of previously intercepted snow is greater [Lopez-Moreno and Latron, 2008b], and also
depends on the temperature during the snowfall event [Lundquist et al., 2013]. The above implies that the
effect of the forest canopy on snowpack varies markedly at different spatial scales, and also exhibits great
inter and intra-annual variability, and indicates the need for research to enable better understanding of
how climate variability and change, and also forest management, might inﬂuence snow processes.
Key Points:
 Canopy presence has a major effect
on snow distribution (average
reduction 49%)
 With thicker snowpack, smaller snow
differences between open and
canopy areas
 Snow difference (open-canopy) is
increased with time during the snow
season
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Most of the studies reported above were conducted at the stand scale (1–100 ha), with the aim of estimat-
ing reductions in the snow water equivalent (SWE) for areas beneath canopy compared with forest open-
ings or completely open areas [Lopez-Moreno and Latron, 2008b; Varhola et al., 2010]. More detailed studies
have assessed the effects of forest canopy characteristics, the variability of the various energy ﬂuxes within
a given forest stand [Link and Marks, 1999; Mahat and Tarboton, 2013], and the inﬂuence of individual trees
by sampling the snow distribution around selected trunks [Faria et al., 2000; Musselman et al., 2008; Woo
and Steer, 1986].
In this study, we analyzed the spatiotemporal variability of SD within a 1000 m2 Pinus sylvestris stand in the
Spanish Pyrenees, using light detecting and ranging (LiDAR) technology, with a terrestrial laser scanner
(TLS), to assess small-scale relationships of the SD distribution to trees characteristics. The TLS was also used
to describe the geometry of the trunks and the canopy. A total of 20 ﬁeld surveys were conducted during
two consecutive snow seasons (2011–2012 and 2012–2013). The TLS technique has been increasingly used
in snow studies [Deems et al., 2013], but it has not been applied for assessing the SD beneath forest
canopies.
The study generated a unique high-resolution data set of the SD distribution under forest canopy at a spa-
tial scale not considered before, based on very frequent TLS data acquisition during the snow accumulation
and ablation periods. In order to keep undisturbed the SD distribution within the analyzed forest stand, we
did not survey the distribution of snow density. Nevertheless, the spatial variability of SD is high relative to
that of snow density [Marchand and Killingtveit, 2004; Mizukami and Perica, 2008; Pomeroy and Gray, 1995],
and the spatial variability of SWE is tightly related to SD variability. Differences on average SD values in
open and canopy areas were computed for the two analyzed snow seasons. Moreover, statistical analyses
(Principal Component Analysis) were used to identify days on which the spatial distribution of the snowpack
differed markedly. Such spatiotemporal patterns have been related to the distribution of the forest canopy
and the distance to the tree trunks. Pinus sylvestris is characteristic of Mediterranean mountain areas, but
there have been no previous studies of their effect on the snowpack distribution and dynamics. The
approach taken in this study enabled quantiﬁcation at a very detailed spatial scale of how the forest affects
snow dynamics and how this is inﬂuenced by contrasting climatic conditions.
2. Study Area
The studied forest stand is located near the Balneario de Panticosa in the headwater of the Gallego River in
the central Spanish Pyrenees (Figure 1). In this part of the Pyrenees, 24% of the land surface is covered by
forests [Villar et al., 1997]. Pynus sylvestris is the dominant species from 1200 to 1700 m a.s.l. From 1700 to
1900 m a.s.l., there is a progressive transition to more sparse Pynus uncinata, which is the dominant tree
species from 1900 to 2300 m a.s.l (the approximate regional tree line) [Camarero et al., 1998].
The climatic conditions at Balneario de Panticosa (1630 m a.s.l.) reﬂect its location on the southern slopes of
the Pyrenees, which are affected by both Mediterranean and Atlantic Ocean climatic inﬂuences. Meteoro-
logical data are available from a weather station located in an open area of the forest 700 m away and
40 m lower than the study site. For the period 1994–2014, the average annual temperature was 7.28C
(winter average 1.58C; spring average 9.28C). The average annual precipitation is 1528 mm, and the average
annual SD is 4.34 m. The large interannual variability of climate in this region [Lopez-Moreno, 2005; Lopez-
Moreno and Vicente-Serrano, 2007] is exempliﬁed by the stark contrast in climate and snow accumulation
between the two snow seasons considered in the study (Figure 2). The very low level of snow accumulation
recorded in the 2011–2012 season coincided with low temperatures in winter and a warm spring. In con-
trast, the 2012–2013 season was very wet, with temperatures close to the average in winter and cooler in
spring, leading to a thick and long lasting snowpack (Figure 2).
The study site is located at 1700 m a.s.l. (428450 N, 08040 W) and has an approximate area of 1000 m2. This
area was selected because of its relatively ﬂat topography, making it easier to distinguish the effect of the
forest canopy on SD and assess the temporal evolution of the snowpack during the two snow seasons. The
analyzed stand of Pinus sylvestris comprised 17 trees of differing height and canopy radius. The tallest tree
was 14 m (average tree height 9.4 m), and the average canopy radius was 3.1 m (standard deviation 1.3 m).
The trees are heterogeneously distributed, resulting in alternating forest openings and densely covered
areas. The heterogeneous distribution enabled detailed comparison of the snow dynamics in a forested
Water Resources Research 10.1002/2014WR016496
REVUELTO ET AL. CANOPY INFLUENCE ON SNOW DEPTH DISTRIBUTION 3477
area with that in forest openings, as well as analysis of how accumulation and melting patterns are affected
by canopies and trunks.
3. Data and Methods
3.1. SD Measurements
TLS is increasingly being applied in snow studies [Deems et al., 2013], having been tested against manual
sampling measurements [Prokop, 2008; Revuelto et al., 2014a] and applied at a diversity of sites [Egli et al.,
2012; Gr€unewald et al., 2010; Mott et al., 2011; Revuelto et al., 2014b; Schirmer et al., 2011]. In forested moun-
tain areas, airborne laser scanners (ALS) have also been applied to analysis of the SD distribution [Harpold
et al., 2014; Deems et al., 2006, 2008; Hopkinson et al., 2004; Trujillo et al., 2007, 2009]. However, TLS has not
been applied in the study of snow beneath forest canopies. This study is the ﬁrst to use TLS to investigate
the SD distribution beneath the canopy of a pine forest stand and provides data on the snow distribution at
a very ﬁne spatial resolution.
Field measurements were made on 20 survey days using a RIEGL LPM-321 laser scanner, which generated
3D point clouds for each sampling occasion; this provided highly distributed information (an average of 400
points/m2) on the snow surface characteristics within the forest stand. By assessing the topography of the
snow surface with that determined during the snow-free period, it was possible to determine the SD distri-
bution for each survey occasion [Revuelto et al., 2014a]. In the present study, we established three scan posi-
tions to minimize shadows in the point clouds caused by trees. Eight cylindrical (0.12 m diameter and
height) reﬂective targets on poles of 2 m height were placed at ﬁxed locations in the study area. These
were used to merge the point clouds acquired from each scan position, using a minimum of ﬁve common
targets visible from each pair of scan positions. Merging the information obtained from each scan position
resulted in at least 90% of the study area being scanned; this procedure substantially decreased the shadow
effect of trunks and canopies. Following processing and elimination of points corresponding to trees, the
point clouds were rasterized at a grid size resolution of 0.06 m2 (0.25 m 3 0.25 m); this generated >11,000
grid cells providing SD values per day. To avoid alteration to the snow pack in the study stand, manual
Figure 1. Study site in the ‘‘Balneario de Panticosa.’’ (top) The location of the experimental site. (bottom) Panoramic views of the study site during (left) snow-covered and (right) snow-
free periods.
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measurements were not taken for validation. However, the deviation of TLS values for SD from measured
values for a TLS working distance <40 m was expected to be less than 0.08 m, based on the deviations
determined for distances of 200–800 m from the TLS device [Revuelto et al., 2014a]. In this study, recursive
comparisons between manual SD measurements and TLS SD measurements were done for several TLS sur-
veys in a close location in the Pyrenees with the same device (RIEGL LPM-321). In such a way, Revuelto et al.
[2014a] stated that for a distance of about 200 m from the TLS the mean absolute error between both mea-
surement methods was 0.06 m. This encourages accepting a maximum deviation between both methods
below this value at the Panticosa study site.
Figure 3 provides six SD distribution maps showing the effect of tree branch interception following snowfall
events (with lower SD values beneath canopies; 6 December 2012 and 27 February 2013) and the SD distri-
bution following periods with no snow accumulation (20 December 2012, and 9 and 26 April 2013).
In the 2011–2012 season, only six survey days (20 December 2011; 2, 9, and 28 February 2012; 13 March 2012;
16 April 2012) were involved because the low levels of snow accumulation led to very rapid and early snow-
pack thaw. Between 2 and 9 February 2012, a strong northerly wind caused substantial snow redistribution
just prior to the commencement of the melt period. In contrast, during the 2012–2013 season the high SD
accumulation enabled exhaustive monitoring of SD evolution and involved a total of 14 days of ﬁeld measure-
ments. The ﬁrst was conducted on 6 December 2012, followed by three subsequent surveys on 11, 20, and 27
December 2012. Road closure because of avalanche risk prevented further ﬁeldwork until 27 February 2013.
Subsequent surveys occurred on 4, 8, 15, and 21 March; 9, 14, 18, and 26 April; and 2 May 2013.
In addition to scanning the snowpack, on each survey occasion two snow pits (one in a forest opening and
one beneath the forest canopy) were dug near the studied stand to measure the snow density in open
areas and beneath the canopy. The two density measurements were averaged and were used to provide a
measure of changes in snow density during the study period.
Figure 2. Evolution of temperature and snow depth measured at the nearest meteorological station for the snow seasons (left) 2011–2012 and (right) 2012–2013, and the 25th (P25)
and 75th (P75) percentiles of the historical data set (1994–2014). Vertical dashed lines indicate the survey dates.
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To discriminate between canopy and opening areas, we used the TLS to reproduce the canopy structure,
i.e., the trees were scanned under snow-free conditions. The canopy presence mask (Figure 3, right) was
generated from several scans obtained from the three scanning positions with a speciﬁc TLS acquisition
mode for short distances and ﬁrst signal rebound (near range ﬁrst target). With a transition zone between
Open and Canopy zones of 0.25 m, SD in these two areas is considered herein after.
3.2. Statistical Analysis
Principal component analysis (PCA) was used to identify temporal SD distribution patterns within the study
forest stand. This selection is supported by the PCA capabilities for preserving the main characteristics of
the study area evolution and identifying local particularities of different zones within the area of interest
[Vicente-Serrano, 2005]. From the original variable data set, PCA reduces dimensionality obtaining new varia-
bles, which are the principal components. These components are linear combinations of the original varia-
bles. The coefﬁcients of the linear combinations are the factorial scores, which represent the weight (i.e., the
correlation) of the original variables with the principal component [Hair et al., 1999]. The mathematical for-
mulation of this PCA can be deeply consulted in Jollife [1990] and Baeriswyl and Rebetez [1997].
This type of statistical analysis has been used previously for studying snow accumulation patterns in for-
ested areas [Winkler and Moore, 2006; Lopez-Moreno and Latron, 2008a]. For reﬂecting the main spatial pat-
terns of the analyzed variables; in the PCA analysis, the grid cells were the cases and the SDs measured
during each survey were the variables. The intention of applying this cases/variables selection in the PCA is
to identify groups of days with contrasting SD conﬁgurations.
The number of selected components by the PCA was based on the percentage of explained variance [North
et al., 1982], in such a way components with an explained variance above 10% were retained for further
analysis. Varimax rotation [Kaiser, 1958] was applied to the components to obtain physically comprehensible
Figure 3. Snow depth distribution maps for 6 of the 20 survey days. The discrimination between open and canopy areas is shown on the right side of the ﬁgure. The soft white line rep-
resents the canopy limit.
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patterns [Richman, 1986]. PCA was
applied to the data set of 11,000 SD
grid cells for each of the 20 survey
days.
The components were related to the
open/canopy domains, focusing on
SD spatial patterns rather than on
general temporal patterns, which are
represented in the factorial score dis-
tributions. As an additional analysis,
average SD evolution in relation to
trunk distance was considered. SD
values of grid cells located at speciﬁc
distances from the trunk edge (0.25,
0.75, 1.25, 1.75, . . ., 5.75 m) were
averaged for each survey day. Subse-
quently, the obtained spatial evolu-
tion was represented grouping the
days depending on the PCA compo-
nent that better describes the
observed SD spatial variability.
4. Results
4.1. Snow Depth Evolution
Patterns in Open/Canopy Zones
Figure 4 shows the average and
25th and 75th percentile values of
SD for all cells belonging to canopy
(C) and open (O) areas of the vari-
ous survey days. Table 1 shows the
average SD values for each area
and the differences (in %) between
open-canopy (O–C). Also it is shown in Table 1, the average snow density values for each survey day.
Depending on the survey occasion, the differences in SD between open zones and canopy zones
ranged between 14 and 80% (average difference 49%), with lower SD values always found for the can-
opy zones. Greater differences were found between open and canopy zones when the average snow-
pack in the basin was thinner; the difference increased throughout the snow season or with SD loss
(compaction and melting, or compaction alone) that occurred after snow accumulation events (e.g.,
from 6 to 27 December 2012). An exception was found for 16 April 2012, when only a few snow
patches were present, and the difference between open and canopy zones was only 14%. The average
density values (Table 1) increased throughout the snow season, with lower values compared with the
preceding survey day only being found following episodes in which a new fresh snow layer accumu-
lated (e.g., 15 March 2013).
Table 2 shows the change in SD for open (O) and canopy (C) zones between consecutive surveys conducted
within a 3 week period, or for the ﬁrst measurement in the year (in this case, the difference relative to bare
soil). Table 2 also shows the differences (in %) between the changes in SD found for the open and canopy.
The results show that during the only period of accumulation that satisﬁed the temporal threshold of 3
weeks (8–15 March 2013), and during the ﬁrst survey day of each of the two seasons (when accumulation
occurred over bare soil), the open zones accumulated much more snow (52%, 36%, and 38% respectively;
average 42%) than occurred in the canopy zones. The other periods were characterized by no snow accu-
mulation events. During winter, greater SD loss occurred in the open zones. However, during periods domi-
nated by intense melting conditions (from the end of March until the snow disappeared), the reduction in
Figure 4. Evolution of SD in the 20 survey days for the open and canopy areas for
the (top) 2011–2012 and (bottom) 2012–2013 snow seasons. Vertical continuous
lines mark the 25th and 75th percentiles, and the ﬁlled geometric ﬁgures show the
average values for each component.
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SD varied between the open and canopy zones, but for all considered periods the SD loss was higher in
open areas than beneath the canopy.
The PCA results showed four patterns of SD distribution that explained 87% of the total variance: compo-
nent 1 (C1) explained 34%, component 2 (C2) explained 26%, component 3 (C3) explained 15%, and com-
ponent 4 (C4) explained 12%. Figure 5 shows the spatial distribution of factorial scores for each component,
which represent the standardized anomalies of SD, that is, for positive (negative) factorial scores higher
(lower) snow accumulations are observed in comparison to the average SD accumulation of a speciﬁc day.
When a day is identiﬁed with a component, its SD spatial distribution is similar or equivalent to the spatial
distribution of the factorial scores of the component. Thereby, a day with high correlation with C1 would
have the highest SD values in the upper part of the map (dark red color) and the lower SD values in the bot-
tom part of the map in both left and right sides (dark blue color). Similarly, a day with high correlation with
C4 would have the highest SD in the
lower central part of the map. Neverthe-
less, other characteristics of days repre-
sented by each component (high or low
average SD, wind action, etc.) must be
obtained from a separate analysis.
C1 represented days having high SD
(average SD in the forest stand ranged
from 0.5 to 1.3 m), with maximum corre-
lations with snow distribution occurring
for 27 February; 4, 8, 15, and 21 March;
and 9, 14, and 18 April 2013. These dates
were characterized by high SD, espe-
cially in open areas having thinner snow-
pack beneath the canopy (Table 3). C2
represented days having low SD (aver-
age SD <0.5 m), with the maximum cor-
relations with the distribution observed
for 20 December 2011; 2 February; and
6, 11, 20, and 27 December 2012. The
snow distribution represented by C2
indicated maximum accumulation in
Table 1. Average SD Values for Open and Canopy Areas, % Differences Between Both Zones and Average Snow Density for Each Survey
Day
Exp. Campaign Date Open (O) AvgSD (m) Canopy (C) AvgSD (m) O-C (%) Snow density (kg/m3)
20/12/2011 0.16 0.08 52 148
02/02/2012 0.15 0.05 69 136
09/02/2012 0.26 0.13 50 257
28/02/2012 0.14 0.03 81 381
13/03/2012 0.03 0.01 68 400
16/04/2012 0.02 0.01 14 240
06/12/2012 0.49 0.32 36 159
11/12/2012 0.30 0.19 37 237
20/12/2012 0.30 0.15 51 239
27/12/2012 0.22 0.07 70 263
27/02/2013 1.54 1.11 28 392
04/03/2013 1.45 1.04 28 369
08/03/2013 1.29 0.90 30 407
15/03/2013 1.53 1.04 32 386
21/03/2013 1.45 0.98 33 396
09/04/2013 1.14 0.67 41 477
14/04/2013 0.96 0.51 46 513
18/04/2013 0.73 0.29 60 513
26/04/2013 0.41 0.10 76 518
02/05/2013 0.30 0.06 80 525
Table 2. Snow Depth Changes in Open and Canopy Areas for Consecutive
Field Surveysa and for The First Sampling Occasion on Which Snow Accumu-
lated Over Bare Soilb
Analyzed Periods
Open Avg
Dif (m)
Canopy Avg
Dif (m)
Open-Canopy
Dif (%)
20/12/2011c 10.16 10.08 52
9/2/2012 to 28/2/2012 20.122 20.103 16
28/2/2012 to 13/3/2012 20.106 20.016 85
6/12/2012c 10.49 10.32 36
6/12/2012 to 11/12/2012 20.193 20.128 34
11/12/2012 to 20/12/2012 20.002 20.004 NA
20/12/2012 to 27/12/2012 20.080 20.083 24
27/02/2013 to 4/3/2013 20.084 20.070 17
4/3/2013 to 8/3/2013 20.170 20.145 13
8/3/2013 to 15/3/2013c 10.237 10.146 38
15/3/2013 to 21/03/2013 20.071 20.065 9
21/03/2013 to 9/4/2013 20.311 20.310 0
9/04/2013 to 14/4/2013 20.182 20.155 15
14/4/2013 to 18/4/2013 20.234 20.224 4
18/4/2013 to 26/4/2013 20.320 20.192 40
26/4/2013 to 02/5/2013 20.111 20.041 63
aConsecutive surveys done within a 3 week period. The period 2–9 Febru-
ary 2012 is not included because of the strong winds that blew at that time.
bIn last column, the % difference between both changes is presented.
cIndicates periods in which snow accumulation was recorded.
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open zones, while thinner snowpack occurred in canopy zones. Despite there exist some similarities
between C1 and C2 snow distributions, clearly for C2 areas beneath individual trees exhibit very low SD
(see Figure 3), while for C1 snow depth beneath individual trees is not particularly low. This may be related
to the higher overall SD observed in C1 days. Comparison of the average SD in open and canopy zones
revealed higher differences between both zones for C2 than for C1. C3 represented the snow distribution
pattern during the surveys in 2012, on 9 and 28 February, 13 March and 16 April. Based on the ﬁeld obser-
vations, this component represented the spatial distribution of snow resulting from very strong winds (gusts
>27 m/s were recorded at nearby meteorological stations; as at Izas Experimental Catchment Revuelto et al.
[2014b]) combined with snowfall during the period 6–8 February. Subsequently, snow was blown from
windward areas, and accumulated on the leeward side, behind the trees. Moreover, as shown in Figure 4,
the SD variability for those days included in C3 was relatively high because of wind redistribution (note the
low SD average values for 13 March and 16 April compared to 9 and 28 February, what difﬁcult to observe
SD variability for the two ﬁrst dates). Component C4 represents the snow distribution during 26 April and 2
May 2013, which were dates on which considerable snow remained in open areas, but had almost disap-
peared beneath the canopy.
Average SD values in open and canopy areas on days represented by each component are presented in
Table 3, ordered according to the PCA components for ease of comparison. The smallest differences
between open and canopy areas occurred on C1 days (high level of snow accumulation), with 27%, 60%,
and 37% being the minimum, maximum, and average differences, respectively. The greatest differences in
average SD value occurred for the 2 days associated with C4 (when there was almost no snow beneath the
canopy, but deep snowpack in the open areas), with 75% and 80% differences for these 2 days. The C2
component, which represents days having low SDs, generally exhibited greater percentage differences than
C1 (35%, 70%, and 52% for the minimum, maximum, and average differences, respectively). For days repre-
sented by C3 (wind redistribution), greater SD values were also found for open areas than beneath the can-
opy, but the distribution was very different from that found for the other three components with high
spatial variability for both zones (Figure 4).
Figure 5. Factorial scores of grid cells of the four PCA components.
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In spite of the PCA survey day groups,
for both snow seasons (except for 16
April 2012), an increase of SD differ-
ence between canopy and open areas
is observed as snow season progresses.
This difference is only reduced when
one or several snow accumulation
events occur. This is quite evident
when the difference observed for 27
December 2013 (70%) is contrasted
(Table 3) to that observed on 27 Febru-
ary 2014 (27%) after several snow accu-
mulation events (Figure 2). Besides,
after this day, it is clearly observed that
the reported SD difference increases
while the snow season progresses.
4.2. Snow Depth Changes as a
Function of Distance From Tree
Trunks
Figure 6 shows the SD in the forest
stand against distance from tree trunks,
distinguishing survey days grouped
according to each of the four PCA groups. In general, and independently of the spatial patterns obtained,
the SD increased rapidly over the shortest distances to the trunks. This increase continues until 3.5–4.5 m
from the trunks for the days represented by C1, C2, and C4, where the maximum SD is generally observed.
This distance coincides with average canopy radius. In general, the edge effect of canopies was clearly evi-
dent, with a slight decrease in SD beyond the maximum depth in these zones. Days represented by C3
(wind redistribution) showed a very irregular pattern of SD change with distance from the tree trunks, with
the maximum SD generally observed 2–3 m from the trunk and marked variability with greater distance
between the observed SD values for the 4 days of this PCA group.
5. Discussion
This study represents a novel approach to assessing the SD distribution in forested areas using a TLS. This
device was also used to investigate the geometry of the forest canopy. The TLS enabled collection of data
at very high spatial resolution (0.25 m) during 20 ﬁeld surveys conducted in 2 consecutive years having very
contrasting climatic and snow conditions that have shown an average SD reduction beneath canopies of a
49%. The PCA has facilitated the identiﬁcation of those days when the pattern of snow distribution differed
in conﬁguration. In addition, we also analyzed the change in average SD with distance from the tree trunks.
The procedures involved provided related but complementary information on how the forest canopy
affects the snowpack in a 1000 m2 Pinus sylvestris stand.
The TLS technique has proven very useful for obtaining detailed information on the snow distribution in for-
ested areas and on the characterization of the forest canopy. In this study, we considered the forest canopy
to be a categorical variable, but the data set acquired may enable future distributed analyses to directly
relate the density and structure of the forest canopy, derived from TLS or airborne LIDAR [e.g., Ria~no et al.,
2003; Seidel et al., 2012], to the variability of SD beneath the forest canopy. The acquired data also represent
a resource for improving modeling and validation of interception and melting processes in forest areas
[Mahat et al., 2013; Musselman et al., 2012]. In spite that TLS is a powerful information source that provides
high spatial resolution data, several particularities must be considered. Sometimes these particularities
might seem trivial, but they may lead to large errors and increase the needed time for data collection.
Hereby, TLS tripod and device stability must be extremely important and carefully monitored [Revuelto
et al., 2014a]. In such a way, it is suggested snow compaction around the tripod before scanning, with a reg-
ular revision of tribrach stability. Also study site selection must consider technical issues in addition to these
Table 3. Average SD in Open and Canopy Areas for the Days Classiﬁed in the
Four Groups According to the PCA Components, and the % Difference
Between These Areas
PCA
Component
Exp.
Campaign
Date
OpeningAvgSD
(m)
Canopy
AvgSD
(m)
Difference
Open-Canopy
(%)
C1 27/2/2013 1.53 1.11 28
4/3/2013 1.45 1.04 28
8/3/2013 1.29 0.90 30
15/3/2013 1.53 1.04 32
21/3/2013 1.45 0.98 33
9/4/2013 1.14 0.67 41
14/4/2013 0.96 0.51 46
18/3/2013 0.73 0.29 60
C2 20/12/2011 0.16 0.08 52
2/2/2012 0.15 0.05 69
6/12/2012 0.49 0.32 36
11/12/2012 0.30 0.19 37
20/12/2012 0.30 0.15 51
27/12/2012 0.22 0.07 70
C3 9/2/2012 0.26 0.13 50
28/2/2012 0.14 0.03 81
13/3/2012 0.03 0.01 68
16/4/2012 0.02 0.01 14
C4 26/4/2013 0.41 0.10 76
2/5/2013 0.30 0.06 80
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of scientiﬁc interest. For TLS, survey in a forested study area is highly recommended to work with a maxi-
mum of three scan positions, what must enable to retrieve information of a high percentage of the study
area reducing trees shadows from the different scan position perspectives. Moreover, considering the study
site characteristics and the scan positions (which must be maintained during the study period) the reﬂective
targets locations must be selected. These locations must allow scanning at least three targets from any scan
positions (however, it is highly recommended to scan at least ﬁve from any scan stations), being appropri-
ately ﬁxed in bare soil to guarantee a quality SD acquisition. In addition to all these considerations, study
site accessibility in winter must consider that TLS equipment weights around 45 kg (TLS device, batteries,
laptop, tripod, etc.) and needs at least two people for the transport. Thereby, distance from the study site to
any place which can be reached by car must consider this.
The statistical analysis discriminated areas where the snow distribution patterns contrasted on different days.
The results showed that the forest canopy markedly reduced the depth of the snowpack relative to open
areas, which is consistent with previous ﬁndings in many different geographic areas [Jost et al., 2007; Lundberg
et al., 2004; Pomeroy and Gray, 1995; Winkler et al., 2005; Mahat and Tarboton, 2013]. The average reduction
found (49%) is similar to that reported by these previous studies. The average SD difference between open
and canopy areas observed in this study revealed very large variability (ranging from 14 to 80%, Table 1)
among the 20 survey days in the snow seasons 2011–2012 and 2012–2013. Differences in SD were greater
when the snowpack was thinner, which is a result consistent with that found in a beech and ﬁr forest stand in
a neighboring valley in the French Pyrenees [Lopez-Moreno and Latron, 2008a, 2008b]. A comparable result
was also found by Connaughton [1933], who reported that the snow differences between open and forested
sites for scarce and average snow seasons were 27.5% and 4.3%, respectively. In British Columbia, the reduc-
tion of SWE coefﬁcients of variation in various forest stands was observed to increase with average snow accu-
mulation, and was correlated with year-to-year variations that explained 33% of the total SWE variance
Figure 6. Average SD values plotted against trunk distances for the four PCA components.
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[Winkler and Moore, 2006]. All these results are making evident that snow distribution in a forest stand in the
Pyrenees, a temperate mountain range, shows similar behavior to that observed in other environments in the
average values, but also in the observed variance. Moreover, the similarity between results presented here,
with those obtained with other sampling schemes and techniques, indicates that TLSs can be applied in snow
studies in forested areas providing high spatial resolution information.
The observed SD values in 2013, a snow-rich year, with smaller differences between open and canopy areas
following the main snow accumulation episodes (Table 3; surveys between 27 February 2013 and 21 March
2013), could be a consequence of the reduced snow interception capacity of trees when the snowpack is
deeper, because of the effect of the preceding snowfall load on the snowfall interception capacity. This phe-
nomenon has been demonstrated experimentally [Hedstrom and Pomeroy, 1998] and reported based on
direct observations [Keller and Strobel, 1982; Lopez-Moreno and Latron, 2008b; McNay et al., 1988; Mellander
et al., 2005], supporting the hypothesis of our study.
The results also suggest that snow interception during periods with snow accumulation leads to greater dif-
ferences between SD changes in open and canopy areas (superscript ‘‘c’’ periods in Table 2; average open-
canopy difference of 42%), than the differences observed in periods in which no snow precipitation was
observed (periods without superscript ‘‘c’’ in Table 2; average open-canopy difference of 24%). Nevertheless,
in periods with no snow precipitation, the difference between SD changes in open and canopy areas varied
depending on the particular event, and the involvement of compaction or a combination of both compac-
tion and melting. However, greater SD loss generally occurred in open areas than beneath the forest can-
opy, but the magnitude varied substantially among analysis periods. Despite the variability of SD losses in
open and canopy areas, it was clear that the difference in SD between these areas always increased during
the season, even when snowfall did not occur. In such a way, at the end of the snow season, snow presence
was observed in openings while it was not observed beneath canopies. The most plausible reason for this
behavior is the energy balance difference between both areas, because the increase of long-wave emission
and extinction of short-wave originated by the canopy [Pomeroy et al., 2009], enhanced as the season pro-
ceeds. Moreover, it must be considered that there was less snow accumulated below the canopy and there-
fore is less snow to melt and the melt out is earlier.
Lundquist et al. [2013] provided a very comprehensive explanation of how the forest canopy can accelerate
or delay snowmelt. They demonstrated that the effect of the forest canopy on melting rates depends on
the balance between short-wave and long-wave irradiance at a speciﬁc site or time of the year, which could
be related to the December–January–February (DJF) average temperature, with a218C threshold. If average
temperature is above this value, snow ablation beneath canopies takes place 1–2 weeks before it is
observed in adjacent open areas. Panticosa experimental site has a DJF mean air temperature of 0.38C and
as observed, SD average values in Open areas are larger than in Canopy areas which are almost negligible
at the end of the snow season (Table 1 values for last surveys in 2012 and 2013); this result strongly sug-
gests the validity of Lundquist et al. [2013] ﬁndings for our analyzed forest stand.
In spite that no direct measurement of snow interception by forest canopies neither of the emission of
long-wave radiation by trees was accomplished, their effect was evident through the analysis of the rela-
tionship between SD and distance to the tree trunks. The results clearly showed that SD increased very rap-
idly with distance from the trunk to the edge of the forest canopy (typically 3.5–4.5 m). This point of
maximum SD is the preferential deposition zone for snow falling from the canopy. At greater distances
from the trunk, the SD decreased slightly and then tended to remain stable, corresponding to open areas.
Similar patterns of SD with distance from tree trunks have been observed in studies focused on individual
trees [Faria et al., 2000; Musselman et al., 2008; Woo and Steer, 1986].
Some works have related SD evolution as a function of trunk distances analyzing solar radiation exposure
[Musselman et al., 2008]. In our study, the high degree of complexity of canopies in the surrounding area
did not allow to obtain a realistic representation of the canopies in the proximities of the study area by
means of the TLS. Such kind of information might enable to assess the distribution of solar radiation across
the study area. In this way, the combination of TLS information with other remote sensing techniques, such
as ALS or aerial photogrammetry, could help to improve such kind of analysis.
This study also demonstrated that isolated wind redistribution events could signiﬁcantly alter the patterns
of snow distribution within the forest stand. This occurred in February 2012, and the pattern of contrasting
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accumulation on the windward and leeward sides of the forest stand remained until the snowpack melted.
This is consistent with the ﬁndings of previous studies, which concluded that wind in forested areas can
markedly affect snow distribution [Lundquist et al., 2013; Mahat and Tarboton, 2013; Vajda et al., 2006].
Despite the action of strong winds has a large effect on SD distribution at the study site, the SD was gener-
ally greater in open areas than areas beneath canopy. Thus, it is still present the open/canopy effect on SD
distribution but with a higher spatial variability (Figure 4; surveys at February and March 2012).
In order to improve the available information to deeply analyze the relation between solar exposure and
SD, and also studying snow wind redistribution in forested areas, future work will combine different remote
sensing techniques with TLS (as aerial photogrammetry) and also more direct measurements of wind and
solar radiation within the study site.
6. Conclusions
Most similar studies of snow variability, including our research, have typically reported long-term average
values in the range 40–60% for the decrease in the snowpack beneath forest canopies relative to open
areas. However, the present study has shown how many factors could be involved in the accumulation and
melting processes in open and forested areas. Of major importance was the SD, with smaller differences
found between the forest canopy and open areas when a thicker snowpack was present. However, the role
of each factor at a speciﬁc site or under speciﬁc climatic conditions will probably vary geographically and
among years. Thereby, the main conclusions of this study are summarized as follows:
1. The usefulness of TLS for obtaining high-resolution distributed information on SD in a small forested area
was demonstrated, our results being comparable to other techniques and methodologies used in previ-
ous snow studies.
2. The presence of a canopy has a major effect on the SD distribution, with an observed average reduction
in canopy areas of 49% (range 14–80%), compared with open areas.
3. Smaller relative differences between SD values for open and canopy areas were observed with thicker
snowpack. Wind redistribution can have a large effect on the snow distribution in forested areas.
4. There was an increase in the relative difference in SD between open and canopy areas with time during
the snow season only reduced when a snow accumulation event is observed.
5. Trunk proximity has revealed an inﬂuence on SD dynamics, with lower values at closest locations and a
progressive increase of SD for higher distances until the edge of the canopies is reached.
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